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Abstract-The increasing demand for transportation fuel, due to increased urbanization, is now compounded by depleting and unstable crude oil reserves. Furthermore, the volatile market and the negative environmental impact of fossil fuels have driven the usage of biomass as a potential energy source. Of particular interest are biomass waste and baobab shells present an interesting option. The objective of this study is to produce bio oil by a fast pyrolysis process from baobab shells. The effect of reaction temperature, biomass particle size and fluidizing gas flow rate on the liquid product yield are investigated. The maximum liquid yield obtained was 36.6% at 500 O C at a N2 gas flowrate of 11.6 l/min and a particle size of less than 0.5 mm.
Index Terms-Baobab Shells; Bio Oil; Fast Pyrolysis.
I. INTRODUCTION
The problems of diminishing resources of non-renewable energy, in combination with and the negative environmental impact, provides an incentive for scientists and engineers to seek sustainable and environment friendly solutions. Among different types of biomass, lignocellulosic biomass has emerged as an attractive source for producing liquid fuels due to its low cost and abundance.
The thermal depolymerization of biomass at modest temperatures in the absence of oxygen is referred to as 'pyrolysis [1] . The maximum liquid yield of a pyrolysis process can be obtained by a high temperature process in which biomass is rapidly heated to nearly 500°C with a short vapor residence time of typically less than 2 seconds [2] .
In Africa, especially in Sudan, a baobab tree has very wide uses for human and animal needs. It offers protection, provides food, clothing, medicine as well as raw material for many items [3] . In Sudan the tree is found on sandy soils and on the shores of the seasonal streams 'Khors' in short grass savanna. It forms belts in central Sudan in Kordofan, Dar-fur and Blue Nile. The shell of baobab fruit is oval, woody, covered with greenish-brown felted hair, 20-30 cm long and up to 10cm in diameter [4] . The uses of the baobab shells are mainly as fire wood [3] .
II. LITERATURE REVIEW
Considerable work has been conducted in fast pyrolysis of biomass. Mohan et al. [5] have reviewed the pyrolysis of wood and biomass for bio oil production. The pyrolysis considerations, types of pyrolysis, biomass and wood compositions, types of pyrolysis reactors, bio oil composition in addition to pyrolysis of a range of types of residues and wood are presented.
Meier & Faix [6] have reported pyrolysis reactors types, yields and characteristics of bio oil. They discussed the requirements for obtaining high liquid yields in addition to bio oil applications and upgrading to useful chemicals and fuels. Yaman [7] defined biomass and its chemical composition beside the pyrolysis conditions and bio oil composition. He discussed also the upgrading of bio oil using steam reforming and catalytic cracking. Experimental work of biomass fast pyrolysis has been conducted by number of authors. Joardder et al. [8] studied the pyrolysis of coconut shells to produce bio oil. They studied the effects of reactor temperature, particle size, running time and the gas flow rate on the liquid yield. The maximum liquid yield obtained was 34.3 % at 450 o C. In a fixed bed tubular reactor, Gercel [9] worked on the pyrolysis of sunflower oil cake. He examined the effects of gas flow rate and pyrolysis temperature on products yield. A maximum liquid yield obtained was 48.7 % at 550 o C. Pyrolysis of grape baggase was investigated by Demiral & Ayan [10] . They investigated pyrolysis temperature, heating rate and gas flow rate on product distribution and the maximum oil yield was 27.6% obtained at 550 o C. In an integrated novel system Wilkomirsky et al. [11] demonstrated the pyrolysis of saw dust in three stages of interconnected fluidized bed reactors where the heat required for the system provided by burning part of the char and non-condensable gases. A maximum bio oil yield was 62% at 510 O C.
A. Pyrolysis Principles
A high yield of liquid could be obtained from fast pyrolysis of biomass. Bridgwater [12] considered the essential features of a fast pyrolysis process for producing liquids as follows:
 Very high heating rates and very high transfer rates and this requires a finely ground biomass feed of typically less than 3 mm particle size.  Carefully controlled pyrolysis temperature of around 500 O C.  Short vapor residence times of typically less than 2 seconds to minimize secondary reactions. 
B. Fast Pyrolysis Reactors
Bridgwater [12] claimed that although the reactor in a pyrolysis system, represent 10-15 % of the total capital cost of an integrated system, most research and development has focused on developing and testing different reactor configurations on a variety of feedstocks. The three main methods of achieving fast pyrolysis process have been explained by Bridgwater et al. [2] :  Ablative pyrolysis: in which biomass is pressed against heated surface and rapidly moved. This type of reactor requires large particles of biomass.  Fluid bed and circulating fluid bed pyrolysis: in which heat is transferred to biomass by convection and conduction. Where finely ground biomass particles are required in addition to a carrier gas for fluidization and transport.  Vacuum pyrolysis: which has slow heating rates, however it removes pyrolysis products more rapidly. Larger biomass particles are required and the vacuum leads to larger equipment and higher cost. Table I lists some of the pyrolysis reactors and heating methods. In this work, fast pyrolysis process will be conducted on baobab shells to produce liquid, char and gas. The key parameters of the process such as the reaction temperature, feed particle size and the flow rate of the fluidizing media will be investigated against the products yield.
III. MATERIALS AND METHODS

A. Biomass
The baobab shells were obtained from the wastes of a food market in Sudan. It was then ground using a cutting mill and screened to a diameter of less than 1mm diameter. The moisture content, ash content, higher heating value, elemental analysis and density were measured.
B. Pyrolysis System
Fast pyrolysis of baobab shells was carried out in a fluidized bed reactor. Fig. 1 shows the schematic diagram of the pyrolysis system. The testing rig consisted of three main parts: feeding system, reaction and separation system and condensation system. Feeding system continuously feed the reactor with a type of sealed hopper and a screw. The reaction and separation part consisted of a stainless steel reactor (350mm length, 45mm diameter) and cyclone (90 mm length) to remove char from pyrolysis vapors connected with a char container. The N2 gas is used as a fluidizing media and is passed through gas electric heater before entering the reactor. The reactor, cyclone, char container and the gas electrical heater were located inside an oven. Transfer lines between the cyclone and the condensation system are heated to the reaction temperature using electrical wire heater to minimize the secondary cracking of pyrolysis vapors. The condensation system consists of two double pipe heat exchangers with cooling water as coolant, electrostatic precipitator and two glass cooling traps using iced water. 
C. Pyrolysis Conditions
In each fast pyrolysis experiment 90 g of fresh silica sand (400-630 µm) was filled in the reactor and the N2 gas flow rate adjusted to above the minimum fluidization velocity.100g of biomass was filled and the system was sealed and purged with N2 gas for approximately 1 hour until the temperature in the reactor reached the desired pyrolysis temperature. The feed rate of the biomass was adjusted to 100g/hr.
A set of experiments were conducted to investigate the effect of the key parameters of the fast pyrolysis process on product yield, Table II shows the pyrolysis conditions. Parameters included pyrolysis temperature, N2 gas flow rate and biomass particle size was investigated against the product yield. The temperature of the pyrolysis reaction was examined at 450ºC, 500 ºC and 550 ºC. Two N2 gas flow rates were investigated 11.6 l/min and 15.71 l/min. The biomass particle size was < 1mm diameter and < 0.5mm diameter.
Mass balance was conducted by weighting all the components of the test rig before and after cleaning. Gas yields were measured by difference and each experiment run was repeated twice with the same conditions and the variations in the product yields were less than 3% which was considered satisfactory. 
D. Product analysis
After each experiment the liquid product was collected from the condensation system. The analysis for water content, ash content and the elemental analysis were conducted. The char was collected from the char container and analyzed for the moisture content, ash content, elemental analysis and the heating value.
E. Methods of analysis
All elemental analysis was carried out with an elemental analyzer (Vario EL III, in accordance with DIN EN 15104). Water contents of solids (biomass and char) were determined by drying at 105 0 C and further heating following a temperature profile up to 550 0 C, respectively (Leco TGA701, in accordance with DIN EN 14774-3 and DIN EN 14775). Higher heating values were determined in a bomb calorimeter (IKA C5000, in accordance with DIN EN 14918).
The water content of the condensates was determined by volumetric Karl-Fischer titration. The solvent used was Hyranal methanol and the titration conducted with Hydranal composite V as titrant (automated titration equipment: Metrohm 841 Titrando / 800 Dosino, all chemicals supplied by Sigma Aldrich).
The solids content of the organic condensate was determined by methanol extraction at room temperature (volume ratio of condensate to solvent was set to about 1:2 and stirred for 10 min). The solution is then filtered with cellulose filters (Whatman grade 42, 2.5 µm particle retention) and the residue dried at 105 o C for 24h. The carbon content of the aqueous condensate was determined as total organic carbon (DIN EN 1484). Bulk density of biomass is measured in a graduated cylinder with a volume of 250 or 500 ml depending on the size of the sample. The ratio of height to diameter is 2.6 and 2.8 respectively. The sample is introduced in the cylinder and surplus material wiped off. After measuring the bulk density, the same cylinder is sealed and placed on a vibrator. The amplitude of vibration is manually adjusted until a maximum density is observed. This density is denoted as 'knock density' and achieved by vibration compaction. The inorganic composition of biomass was measured using (ICP, Hr Köhleroder TID). Fiber analysis of biomass has been conducted using VDLUFA MB III 6.5.1 for Neutral Detergent Fiber (NDF), 6.5.2 for Acid Detergent Fiber (ADF) and 6.5.3 for Acid Detergent Lignin (ADL).
IV. RESULTS AND DISCUSSION
A. Biomass Analysis
The fiber analysis of baobab shells is shown in Table III . While the elemental analysis, ash content and heating value is shown in Table IV . The comparison of the inorganic composition of the baobab with some types of biomass was conducted and is shown in Table V where high content of Ca, P, K and Cl is realized. Many factors affect the inorganic composition of biomass such as growth processes, growing conditions, age of the plant and fertilizes. 
B. Bio oil characterization
For each experiment the analysis for moisture content, ash content and elemental analysis of bio oil were conducted. Table VI shows a sample result of bio oil characterization of one of the experiments. 
C. Char characterization
The char product of the process was analyzed for ash, heating value and elemental analysis. Table VII shows the result for one sample. 
D. Effect of pyrolysis temperature
The temperature of fast pyrolysis reactor was examined at 450, 500 and 550 0 C and the pyrolysis products yields were depicted against temperature as shown in Fig. 2 . The maximum liquid yield obtained was 36.6% at 500 0 C. Relatively high yield of char was obtained with this type of biomass. Comparing those results with similar experiments of fast pyrolysis [13] - [15] , quite low liquid yields and high char yields were obtained. This can be explained by the differences in inorganic compositions of biomass. From Table V , Baobab shells have high content of Ca, K, P and Cl. Those metals as Agblevor & Besler [16] stated, catalysis biomass decomposition and char forming reaction. Lou et al. [17] related the high yield of char to the high content of potassium and zinc. E. Influence of biomass particle size Two biomass sizes were examined in fast pyrolysis of baobab shells ˂ 0.5 mm and ˂ 1mm. The results are shown in Fig. 3 . High yield of liquid and lower yield of char were obtained at the smaller particle size. This result seems to be consistent with Bridgwater & Peacocke [18] where smaller particle size are required to fulfill the rapid heating and to achieve high liquid yields. The temperature was fixed at 500 o C where the yield of bio oil was the highest. 
F. Influence of residence time
The study of the effect of residence time of pyrolysis product in the reactor was conducted by controlling N2 gas flow rate. Two flow rates of N2 gas were selected to indicate two different residence times 11.6 l/min and 15.71 l/min to indicate 1.6 seconds and 1.2 seconds respectively. Fig. 4 shows that the higher N2 flow rate favors lower yield of char while the incondensable gases yields were higher at higher N2 flow rate.
In this experiment char formation was favored at lower gas flow rate and longer residence time which could be explained by incomplete fluidization which leads to incomplete reaction and the secondary reactions such as repolymerization and recombination which prefer long residence times [19] .
The liquid and incondensable gases yields patterns could be explained as due to the effect of bubbling motion which becomes vigorous when increasing gas flow rate. Then, the mixing between hot sand and biomass is enhanced [20] . However, the heat transfer rate will increase and the production of volatiles is increased. However, the residence time of the vapors is shortened, there is a lower probability of secondary tar cracking. Bio oil yield will decrease when the bubbles become larger as increasing gas flow rate and consequently the solid mixing and heat transfer efficiencies are lowered resulting in decrease of the bio oil yield [20] . Similar trends could be found in literature [9] , [21] . The fast pyrolysis process had been conducted to produce bio oil liquid, char and gas from baobab shells biomass. The effect of reaction temperature, biomass particle size and the residence time of the vapors in the reactor were investigated against the products yield. The maximum liquid yield was 36.6% obtained at 500 0 C with 11.6 l/min N2 gas flow rate and < 0.5 mm particle size. 
